Computer models are needed to predict the effects of changes in land-use and climate within an urban stormwater drainage catchment. As with any computer model result, it is important to clearly state the reliability of the calculations and the modeling assumptions that were used (James, 2005) . A common practice that is used to demonstrate the reliability of an urban stormwater model is to compare calculated results to data that are obtained from field measurements within the catchment (often a split-test calibration/verification procedure is employed). This practice is applicable to the analysis of existing drainage catchments using historical weather data but the difficulty with predicting the effects of changes in land-use or climate is that field data on the changed system are not available. Therefore, the predictive capabilities of the model must be validated, which includes establishing the uncertainties in the calculations (O'Connell and Todini, 1996; Ewan and Parkin, 1996). Quantification of these uncertainties is needed so that informed decisions can be made regarding the implementation of a land-use change or how best to mitigate the risk associated with climate change scenarios.
To establish the predictive capability of an urban stormwater model, it must be demonstrated that the model can simulate the dominant phenomena for the scenario under study to an acceptable level of accuracy. An approach to perform such assessments is given in Figure 1 .1 and is based on methods presented in Boyak et al. (1990) , Zuber et al. (1998) , and Wilson and Boyak (1998) . These methods were developed to assess the capabilities of computer models to predict the response of a nuclear reactor to postulated accident events. It is proposed that a similar approach be used to assess the predictive capabilities of stormwater models.
The approach comprises four main elements. For the first element, the scope of the problem is defined and the important phenomena that need to be properly simulated are identified and ranked. This includes a detailed description of the urban drainage catchment under study, a clear statement of the primary criteria that will be used to assess the impacts of land-use or climate change, and a clear description of the weather event(s) that will be simulated. This information is used to guide the identification and ranking of the important phenomena for the problem.
In Element 2, appropriate field data are selected that have measurable values for the dominant phenomena that were identified in Element 1. These data will be used to assess the capability of the computer model(s) to simulate the dominant phenomena. It must be demonstrated that this database sufficiently covers the range of conditions for the dominant phenomena that are expected to occur, with acceptable measurement uncertainties and minimal scaling distortions. Demonstration of minimal scaling distortions requires that similarity criteria be established so that quantitative scaling assessments of the field data can be conducted. Even field data that are obtained from the actual drainage catchment should undergo a scaling assessment to demonstrate that differences in conditions between the data and the scenario do not significantly distort the dominant phenomena. If it is shown that there is not sufficient coverage then the work in Element 2 will provide guidance as to what additional data are needed.
Selection of the appropriate computer models (Element 3) can be done in parallel to Element 2. Information from Element 1 is used to assess the capabilities of candidate computer models and to justify the selection of the ones that will be used to analyze the problem. All relevant closure properties should be studied to make sure they are valid for the range of conditions that are expected to occur. It should be noted that the term "computer model" is not restricted to a single software entity and may include of a combination of software tools, including spreadsheet calculations. 
Element 1 Establish Requirements

Adequacy Decision
Have the capabilities of the model(s) been adequately demonstrated?
YES NO
Proceed with analyses.
Address deficiencies in the models (return to Element 3) or in the field data (return to Element 2) and revise adequacy assessment. Once Elements 2 and 3 are complete, comparisons of model calculations to measured field data can be done to assess the suitability of the models for the intended application (Element 4). Any comparison method should consider the uncertainties in both the measured field data and in the model calculations. Given the complexity of most stormwater models and the complexity of a typical urban drainage area (James 2005, p 27 ) , it would be a daunting task to determine ranges of uncertainties of all the model parameters, especially for large applications. The phenomena ranking, which is done in Element 1, provides a systematic means of reducing the size of this parameter set to focus only on those parameters that have the highest impact on the important phenomena. This ensures that the various contributors to uncertainty are identified and treated in a manner appropriate to their relative importance in assessing the primary evaluation criteria.
The focus of discussion in this chapter will be on establishing the requirements for assessing model adequacy (see Element 1 in Figure 1 .1), with emphasis on the procedure to identify and rank the rainfall and runoff phenomena for urban drainage catchments. The first three steps in Element 1 are presented in Section 1.1. Phenomena identification is discussed in Section 1.2 and a procedure to rank the phenomena, using the Fractional Scaling Analysis method, is outlined in Section 1.3. Application of the phenomena identification and ranking procedure to the evaluation of stormwater models is provided in Section 1.4, followed by some concluding remarks and discussion of future work in Section 1.5.
Problem Specification
A clear statement of the evaluation criteria, a detailed description of the urban stormwater system, and a clearly defined weather event guide the identification and ranking of phenomena. Effort should be made upfront to define these specifications in as much detail as possible. However, they can be revisited and revised as one proceeds through the analysis to clarify system conditions in the catchment or to further describe the weather event.
Primary Evaluation Criteria
The effects of a weather event on an urban catchment could be analyzed for a variety of reasons and, depending on the purpose of the analysis, different phenomena may be of interest. The purpose of a particular analysis is defined by the primary evaluation criteria. Possible evaluation criteria include discharge flow from a location (or locations), depth of overland water in a sub-catchment, and pollutant concentrations in a discharge flow. Design limits or regulatory requirements could be used to select the evaluation criteria for a particular problem. The importance of a phenomenon is determined by its relative influence on a primary evaluation criterion (or criteria); therefore, the primary evaluation criteria guide the entire analysis procedure that is shown in Figure 1 .1.
Specification of the Urban Drainage Catchment
Each urban drainage area consists of a unique configuration of land coverings and drainage structures that will affect the presence or dominance of phenomena during a weather event. Therefore, it is important to clearly define the drainage area that is to be analyzed, including the boundaries of the drainage catchment and the systems and components comprising it. As discussed in the next section, hierarchical decomposition methods can be employed to identify those systems and components relevant to the analysis.
Specification of the Weather Event
The existence or magnitude of runoff phenomena will depend on the weather event, as precipitation drives the runoff processes in an urban drainage catchment. Therefore, it is important to define the weather event as clearly as possible. In addition to the usual descriptors, such as spatial and temporal precipitation distributions, type of precipitation, and single-event or continuous wet/dry periods, other information may be required (e.g. the tracking of a storm) to remove ambiguity for how the catchment responds to the event. It is the combination of the specific features of the catchment and of the weather event that determine the scope of the phenomena identification and ranking process.
Phenomena Identification
Rainfall and runoff phenomena occur at different spatial and temporal scales within an urban drainage catchment. To rank the importance of these phenomena for the specified scenario and evaluation criteria, there must be a common basis upon which comparisons can be made. These comparisons must also account for the interactions among the various components that make up the drainage catchment. One means of identifying the important phenomena is to formulate a hierarchy for the urban drainage area and then proceed with a top-down and then bottom-up study of the system. In the classification of systems that was devised by Weinberg (1975) , an urban drainage catchment is well suited to hierarchical analysis because it has too few components to permit a statistical analysis of the system but too many components with complex interactions to permit analytical analyses via deterministic differential equations. An example hierarchical structure of an urban drainage area is shown in Figure 1 .2, with the decomposition process as follows:
1. At the top (global) level is the urban drainage catchment that is being studied. The catchment may be divided into interacting sub-catchments. 2. Each sub-catchment may be divided into interacting modules, such as pervious and impervious areas, minor drainage structures, etc. 3. Each module may be divided into several components. For example, the pervious area can be divided into lawns, treed regions, gravel lots, etc. 4. Each component can be divided into interacting constituents such as water, snow, air, soil, concrete, etc. 5. Each constituent can be described by field equations for the conservation of mass, momentum, and energy. 6. For each field equation, the transport processes that characterize the field are identified. The primary evaluation criteria and the specifications for the urban drainage catchment guide the hierarchical decomposition. At each level of the decomposition, the elements within that level are assessed as to their potential influence on the primary evaluation criteria. This method of screening focuses on those sub-catchments, modules, components, constituents, and phenomena that are important in evaluation of the primary criteria and insures an efficient and sufficient analysis of the problem. Upon completion of the hierarchical analysis, the phenomena that could influence the primary evaluation criteria are identified.
From the system to the component level of the hierarchy, there are three parameters that characterize constituents and phenomena. First, there is the volume that a constituent occupies at the level; second, there is the available area to transfer mass, momentum or energy between two constituents; and third, there are the rates at which these transfers occur. At the system, subsystem, module, or component level, the governing transport equations can be derived for the representative control volume using the above three parameters. For a constituent k, a balance equation for the conserved property M (mass, momentum or energy) can be expressed as (Zuber et al., 1998) : The first summation term on the right hand side of Equation 1.1 accounts for the transport processes occurring at the boundaries of the control volume for ψ k (the advective/convective terms) and the second and third summation terms account for those processes occurring within the boundaries.
Equation 1.1 is an integral formulation of the mathematical relationship that describes the change in a conserved property with respect to time caused by phenomena occurring within a control volume, resulting in an ordinary differential equation. It permits the examination of this relationship at the system, subsystem, module, or component level within the hierarchy and is well suited to phenomena identification and, as will be shown in the next section, to phenomena ranking. For each primary evaluation criterion, one determines the appropriate hierarchical level to examine the problem and the appropriate conserved properties that will be used to evaluate that criterion. From these selections, the relevant phenomena are determined through the derivation of Equation 1.1. This process is repeated for all the primary evaluation criteria, resulting in balance equations for a set of conserved properties.
For the identification phase, it is important to include all possible phenomena that could influence the assessment of the evaluation criterion that is under investigation. During the ranking phase, each phenomenon will be quantitatively assessed to determine its influence on each primary evaluation criterion.
Phenomena Ranking
Once all plausible phenomena have been identified, the next step is to rank them in the order of their influence on the primary evaluation criteria. The aim of the ranking phase is to establish those phenomena that need to be accurately modeled in order to properly assess whether the system adheres to the specified evaluation criteria. The discussion in this section is focused on the derivation of a method to quantitatively rank the phenomena.
To rank the rainfall and runoff phenomena, the Fractional Scaling Analysis (FSA) method, developed by Dr. Novak Zuber (Zuber, 1999 (Zuber, , 2001 Zuber et al., 2005) , will be used. As the word "scaling" suggests, this method was developed so that scaled experimental facilities of a prototype system could be assessed for any distortions in the key phenomena that govern the system response to a particular event. The FSA method makes use of a concept called the Fractional Change Metric (FCM) that quantifies the fractional amount that each phenomenon contributes to the total change of a state variable . It is this concept and its application to the ranking of rainfall and runoff phenomena that will be discussed in this section. It should be noted that the FCMs that are used to rank the important phenomena could also be used to select applicable field experiments (Element 2 in Figure 1 .1) for assessing model adequacy. This is discussed further in Section 1.4.
The Fractional Scaling Analysis (FSA) Method
The FSA method is based on an integral (as opposed to differential) formulation of the dynamic system under study and can be directly applied to equations of the form shown in Equation 1.1. The integral formulation :
• permits the study of the fractional rate of change of the state variable for all the phenomena that occur within a finite volume, • is applicable to an aggregate of interacting components, and • includes the initial and boundary conditions of interest to the specific problem. Normalization to order unity is the most convenient way that the relative importance of the phenomena can be assessed (Wulff, 1996) . The y 0 variables will be referred to as the reference parameters and must be carefully chosen to properly conduct the ranking process. More will be discussed about this later in this section. Application of Equation 1.2 to each variable in Equation 1.1 produces a normalized form (the * superscripts) of the integral balance equation:
The rate of change of the normalized ψ k can then be expressed as:
Each summation term in Equation 1.4 is the product of a fixed term, which is defined by a combination of selected reference parameters, and dimensionless rate of change term for the conserved property. The denominator in the fixed terms is the reference amount of the conserved property M for constituent k in the control volume and the numerators are rates of change of M due to convection, diffusion, and sources/sinks, for the respective summation terms. The ratio of each numerator over the denominator can be defined as a Fractional Rate of Change (FRC) and represents the fractional contribution of a phenomenon to the total rate of change of M (Zuber, 1999 (Zuber, , 2001 . The FRCs are defined as:
Substitution of Equations 1.5a-c into Equation 1.4 produces:
Each ω term has the dimension (1/t) and reflects the intensity at which the respective phenomenon changes M in the control volume by the amount (V c α k,0 ψ k,0 ) if it were the only process affecting the change of M. From another perspective, the term (1/ω) is the time constant of the phenomenon for this process. The magnitudes of the FRCs, |ω|, can be used to rank the order of importance of the phenomena: the phenomenon with the largest magnitude is the most important, as it causes the greatest rate of change of the conserved property .
To directly compare phenomena rankings between systems of different spatial and temporal scales, each FRC can be put into non-dimensional form to create a Fractional Change Metric (FCM) (Zuber, 1999 (Zuber, , 2001 ). The FRCs that are expressed in Equations 1.5a-c are of dimension (1/t) but they can be put into non-dimensional form if time is normalized. However, instead of using the normalizing procedure shown in Equation 1.2, the time is normalized using the aggregate FRC, which is defined in Equation 1.7, to obtain the reference time, as shown in Equation 1.8. due to the effect of phenomenon j for constituent k (Zuber, 2001) . Equations 1.10a-c reveal that the FCM for each phenomenon is the respective FRC divided by the aggregate FRC (Equation 1.7). As all the FRCs are divided by the same divisor, the phenomena ranking using the FCMs will yield the same order as that using the FRCs. The FCMs can be used to establish the similarity criteria for candidate field data (see Figure 1 .1, Element 2, Step (5) and an example of this application is discussed in Section 1.4.
Phases of a Weather Event
As shown in Equations 1.5a-c and 1.10a-c, the ω-and Π-term values are determined from a combination of reference parameters that are timeinvariant. However, as a weather event progresses, it is likely that the relative importance of the phenomena will vary, ranging from being active (and possibly dominant) during some portions of the event to being inactive or insignificant during other portions. A single set of reference parameters (and hence a single set of ω terms) will not capture these changes so the weather event should be partitioned into intervals (phases), with appropriate reference parameters selected for each phase. This will result in a separate phenomena ranking for each phase of the event.
There is no formal procedure for dividing a weather event into distinct time intervals so engineering judgment must be used to strike a balance between too few intervals (inadequate representation of the system dynamics) and too many intervals (cumbersome analysis with too many rankings). A few guidelines for selecting phase transition points are when:
• A phenomenon appears, disappears or goes from being important to insignificant, e.g. the ground in the pervious area loses its infiltration capacity and infiltration ceases.
• A constituent appears, disappears, or its volume is significantly reduced, e.g. runoff water appears from a snow covered region.
• A bifurcation occurs that significantly changes the behavior of the system or a component, e.g. flow in a pipe changes from free surface flow to surcharged flow.
• An operational process becomes active or ceases, e.g., pumps in a lift station stop because of a power failure. Each phase of the weather event will require its own ranking of the phenomena. In order to complete these rankings, reference parameters for each phase must be determined.
Selection of Reference Parameters
For each phase of the weather event, the rainfall and runoff phenomena are ranked using a set of FCMs (the Π terms) that are derived from appropriate reference parameters. The success of the phenomena rankings depends entirely on the ability to estimate reliable reference parameters. Fortunately, many of the reference parameters relate to physical data of the catchment and design specifications of the stormwater system. Other reference parameters relate to the atmospheric conditions, which are supplied as forcing functions to the analysis, e.g. rainfall intensities. However, some estimations of the reference parameters may require assumptions, e.g. antecedent soil moisture conditions, and one may have to normalize a term with more than one value of the reference parameter and assess the sensitivity of the rankings to its change in value. If the ranking was found to be sensitive to the parameter value then two options are available:
1. Further investigation could be conducted to obtain a better parameter estimate, either through the gathering of additional data or through additional analysis. 2. The weather event or catchment descriptions could be updated to include a specific value of the parameter. For example, antecedent soil moisture may have to be specified as part of the catchment description (e.g. very high moisture content). The selection of Option 1 or 2 would likely depend on available resources and the intended use of the results.
Estimation of reference parameters is usually easiest for the first phase of a weather event, as their values are based on initial conditions specified by the catchment or weather event descriptions. However, as the weather event progresses to subsequent phases, values for the reference parameters may need to be calculated. The use of the evaluated model to perform these calculations should be discouraged, as the intent is to provide an independent means of assessing its capability to simulate the event. Fortunately, as will be discussed in the next section, the determination of the important phenomena for the evaluation of a stormwater model is done at an order-of-magnitude level. Therefore, hand calculations based on simple models often can provide the necessary accuracy.
It is important that all reference parameters can be traced back to reliable sources so that phenomena rankings can be audited. This provides a level of integrity to the evaluation of the stormwater model.
Evaluation of Stormwater Models
For the evaluation of stormwater models, the phenomena ranking procedure that was discussed in the previous section can be used to:
1. focus the selection of models (and their options and uncertainty estimates) to those that simulate the dominant phenomena for the scenario and 2. choose the appropriate field tests that could be used to assess the adequacy of these models. An illustrative example, shown in Table 1 .1, demonstrates model selection for the first phase of a weather event. In the second column of the table is a list of five phenomena (P1,.., P5) with their FCM values in the third column, ranked in descending order, for the urban catchment that is being studied. The last column provides a list of models (and model options, if required) that simulate the phenomenon in the corresponding row, for the computer program that is being assessed. One of the objectives of the identification and ranking procedure is to provide a quantitative measure for specifying those phenomena that must be carefully modeled and those that need not be considered in the analysis. In regards to Table 1 .1, this can be related to defining a threshold value such that phenomena with a corresponding FCM that are greater than the threshold are deemed important and those below it are not. Technically, any threshold value can be used but it should be justified as to why it was selected, as it is a key decision point for qualifying the models for the specified application. For this example, the threshold value will be set to 1/10 th of the largest FCM, i.e., 0.07 (rounded up from 0.068). This definition for the threshold is based on the conventional engineering practice of concentrating on first-order terms and discarding higher-order terms. Based on the threshold value of 0.07, Phenomena P1, P2, and P3 would be considered important for the application in this example.
Examination of the Models and Options column reveals that there is no model that simulates Phenomenon P3 (as indicated by the dashed line). Therefore, either another software program must be used for the analysis or a new model must be developed for the selected program. The last column also indicates that there are two possible models -M1 and M4 -that can used to simulate Phenomenon P1. Expert judgment should be used to select (and justify) the model that is most appropriate for the application. From the example in Table 1 .1, calculating the FCMs and setting a threshold value can be used to select the appropriate models for the application.
As mentioned in Section 1.3.1, one feature of the FCMs is that they can be used to establish the similarity criteria for phenomena at different spatial and temporal scales. This means that they can be used to determine the suitability of data from a field experiment or from another catchment for assessing the adequacy of the computer model for a specified application. The matrix in Table 1 .2 is an extension of that shown in Table 1 .1 with FCM values for a set of three field tests (1, 2, 3), with dashed lines indicating that the phenomenon for that row was not present in that test (or no related measurements were accurately taken). 
From the previous example, it was determined that Phenomena P1, P2, and P3 are considered important for the application. A quick scan of these three rows indicates that only Field Test 1 has the presence of all these phenomena. For assessing a computer model, it is not only important to demonstrate the adequacy of simulating each significant phenomenon but also the interactions among these phenomena as the catchment responds to the weather event. Field Test 1 is the only test that can provide the assessment of the computer model's ability to simulate the phenomena interactions. For Field Test 2, Phenomenon P1 is absent (or not measured) and the ranking of P2 and P3 is reversed to that of the catchment. This indicates that it cannot be used to assess the interaction among the dominant phenomena but it could be used to assess P2 or P3 separately. Field Test 3 can only be used to assess the capabilities of the computer model to simulate Phenomenon P2.
The ranking of the dominant phenomena for the catchment provides the first cut for selecting appropriate field tests. The next step is to evaluate the scaling distortions in those field tests that made the cut. If a field test contains a significant scaling distortion in a dominant phenomenon then that test cannot adequately demonstrate the computer model's ability to predict that phenomenon. A phenomenon in a field test is well scaled if its representative FCM (the Π-value from Equation 1.10 has nearly the same numerical value as the FCM for the catchment. This is shown in Equation 1.12, where Π C,P is the FCM of Phenomenon P for the catchment and Π FT,P is its FRM for a field test:
Exact similitude between a catchment and a field test for all dominant phenomena cannot be expected and it is not necessary for assessing the adequacy of a computer model. The challenge is to define an acceptable range of distortion, i.e., the a and b values that are shown in Equation 1.13.
Determining an acceptable range of scaling distortion adds a degree of subjectivity to adequacy assessment for computer models. However, by quantifying and justifying this range along with the FCM values for the catchment and the field tests, one produces an assessment that is traceable and auditable. By calculating the scaling distortions in the dominant phenomena for the field tests, one can select those tests that are best suited for assessing the adequacy of the computer models.
It is important to note that the models and options that will be used in the simulation for the catchment must also be used for the simulations of the field tests. For example in Table 1 .2, there are two model options -M1 or M4 -that can be used to simulate Phenomenon P1. Once M1 or M4 is selected it must be used for all field tests because the objective is to assess that model. The same rationale applies to the selection of model options.
As shown in this section, the ability to quantitatively rank phenomena provides a mechanism for efficiently selecting the appropriate stormwater models for a defined application. It also provides a means of evaluating those models using appropriately scaled field data. For land-use and climate change applications where there are no direct measurements from the system, this capability means that existing data could be used to assess the adequacy of computer models if it can be demonstrated that there is minimal scaling distortions in the data.
Concluding Remarks and Future Work
Some readers may question the need to go through the identification and ranking procedure that was presented in this chapter to arrive at conclusions that, for many situations, could be arrived at by expert judgment. As stated in the introduction to this chapter, the main anticipated use of this procedure is to qualify computer models for their capabilities to predict what would happen as a result of changes in land-use or climate. An important part of this qualification is to justify the assumptions that will be used. Often in modeling, many assumptions are made as input files are created and debugged but the rationales for them are not recorded. Also modelers sometimes make use of "hand-me-down" sections of input files, especially for large problems, and they do not always revisit the selected models and their options for the use on their particular problem. The identification and ranking procedure provides a framework for modelers to efficiently walk through a scenario and establish those phenomena that need to be accurately modeled before proceeding with the modeling analysis. The procedure also provides a traceable and auditable record of this process.
Another important step in the qualification of a computer model for an application is to compare its results to measured data. For predicting the effects of changes in land-use or climate, a priori measurements cannot be obtained from the changed system. However, the FSA method can be used to identify field tests that exhibit sufficient similarity in the important phenomena that are expected to occur in the changed system. The measured data from these field tests can then be used to assess the capabilities of the computer models to predict the effects of these changes.
This chapter provides an overview for a procedure to identify and rank rainfall and runoff phenomena. There remain specific details to fill in and a proof of concept using actual scenarios and field data. The next step will be to derive the necessary balance equations for the overland flow on an urban drainage catchment using the integral form in Equation 1.1. The Representative Elementary Watershed (REW) model (Reggiani et al., 1998 (Reggiani et al., , 1999 Reggiani and Rientjes, 2005; Zhang and Savenije, 2005) will be investigated for this purpose in future studies.
In the REW model, a natural watershed is segmented into a set of interconnected sub-watersheds, called the REWs, using the stream channel network as the organizing structure. Each REW is represented as an open thermodynamic system with exchanges of mass, momentum, energy, and entropy with the atmosphere and surrounding regions (including other REWs). Atmospheric forcing processes (rainfall, solar radiation) and gravity (run-off, channel flow) drive these exchanges. Each REW is formulated to preserve an autonomous, functional watershed unit. Thus, the smallest permissible size of a REW is that which contains all the subregions.
Each REW contains five major functional modules of a watershed: a saturated zone, an unsaturated zone, a channel reach, and two overland flow zones -one over the unsaturated zone, the other over the saturated zone. Integral formulations of the balance equations, similar to the form in Equation 1.1, are derived for the five modules (Reggiani et al., 1998) with prescribed closure properties that are based on the second law of thermodynamics (Reggiani et al., 1999) .
Future work will look at extending the REW concept to urban drainage catchments, initially looking at overland flow. This will require re-defining the overland flow zones to accommodate urban settings, i.e., varying degrees of infiltration capacities (including impervious areas) and minor drainage structures. Once the appropriate balance equations are derived, they will be put into non-dimensional form so that phenomena identification and ranking can be done for selected scenarios.
Work will also commence on selecting case studies from Canadian municipalities to evaluate the identification and ranking process. Along with the selection of evaluation cases, work will also be conducted to find suitable field data to evaluate selected stormwater models.
